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Dorsal closure is a tissue-modeling process in the
developing Drosophila embryo during which an epi-
dermal opening is closed. It begins with the appear-
ance of a supracellular actin cable that surrounds the
opening and provides a contractile force. Amnioser-
osa cells that fill the opening produce an additional
critical force pulling on the surrounding epidermal
tissue. We show that this force is not gradual but
pulsed and occurs long before dorsal closure starts.
Quantitative analysis, combined with laser cutting
experiments and simulations, reveals that tension-
based dynamics and cell coupling control the force
pulses. These constitutively pull the surrounding
epidermal tissue dorsally, but the displacement is
initially transient. It is translated into dorsal-ward
movement only with the help of the actin cable, which
acts like a ratchet, counteracting ventral-ward epi-
dermis relaxation after force pulses. Our work
uncovers a sophisticated mechanism of cooperative
force generation between two major forces driving
morphogenesis.
INTRODUCTION
During early development, dramatic tissue rearrangements
shape the organism and its organs. Genetic studies have uncov-
ered complex signaling networks that are sequentially activated
to coordinate these movements in space and over time. Much
less is known about how the forces driving such collective cell
movements are generated, because it is challenging to measure
forces directly in whole living organisms. Furthermore, when
a moving tissue is observed, it is usually difficult to define the
origin of the underlying force. For example, forces generated
by any moving tissue will automatically affect neighboring cells.
In principle, this can be sufficient to indirectly drive their rear-
rangement, too. Nevertheless, elegant experiments have ad-
dressed the issue of force generation in embryos. Most combine
real-time fluorescence imaging with laser incisions to releasetension (Farhadifar et al., 2007; Hutson et al., 2003; Kiehart
et al., 2000; Peralta et al., 2008; Rauzi et al., 2008; Rodriguez-
Diaz et al., 2008; Toyama et al., 2008). This allowed describing
the relative distribution of forces within and in between tissues.
In that respect, one of the probably best-studied processes is
dorsal closure (DC), which takes place during Drosophila mela-
nogaster embryogenesis. DC results in the closure of an opening
that occurs naturally during morphogenesis in the dorsal
epidermis (Figure 1A). It has been intensively studied because
of its similarity to wound healing (Harden, 2002). Both processes
involve the activation of the Jun N-terminal kinase (JNK)
signaling pathway, which triggers the formation of a supracellular
actin cable (AC) in the row of epidermis cells at the leading edge
(LE) of the opening. The AC surrounds the opening and is
believed to act like a purse string constricting the LE (Kiehart
et al., 2000; Ricos et al., 1999). During DC, the cells of the amnio-
serosa (AS) tissue that fills the opening provide an additional
force in cooperation with the contractile forces of the AC. The
current view is that, with the onset of DC, the AS cells begin to
pull the two LEs toward the dorsal midline by gradually
decreasing their apical cell surfaces (Franke et al., 2005; Kiehart
et al., 2000). As a consequence, the epidermal cells that consti-
tute the opposing LEs eventually come within close proximity of
each other. At this stage, the LE cells grow dynamic protrusions
at their dorsal apical edges. These protrusions extend over the
AS tissue and will eventually encounter protrusions from the
matching LE cell on the other side of the embryo upon which
they intertwine in a zipper-like manner (Jacinto et al., 2000).
This interaction pulls the two cells together and pushes the AS
cells down inside the embryo. Because the opening is eye
shaped, the zippering process starts at its anterior and posterior
corners and progresses from both ends toward the middle
(Figure 1A). If zippering is impaired, the two LEs continue their
approach normally along the length of the opening but closure
ceases, probably because the AS cells, which are not internal-
ized in the absence of zippering, have reached their maximal
contraction potential (Jankovics and Brunner, 2006). This
suggests that zippering forces mainly mediate the final gap seal-
ing whereas the major tissue movement, the congressing of the
LEs, is driven by AS cell constriction and AC activity. To date it is
not clear how the last two forces are coordinated. In JNK mutant
embryos that lack a fully functional AC, closure is not completedCell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc. 1331
Figure 1. AS Cell Dynamics
(A) Cartoon of DC embryos. Colored arrows depict forces produced by AS cells (blue), AC (red), and zippering (green). Black arrows show the direction of LE
movement.
(B) Typical apical surface area pulsations of an AS cell in a GFP-Arm expressing embryo. The upper panel shows raw data, the lower panel shows the super-
imposed segmented image.
(C) Apical cell surface fluctuations of an AS cell. Time point zero depicts the approximate onset of dorsal closure.
(D) The period distribution of 505 pulses measured in 35 AS cells in two embryos is shown. The distribution is narrow and centered at 230 ± 76 s.
(E) Image of a GFP-Arm-expressing embryo showing the epidermis (small cells at the bottom), the LE, and part of the AS tissue. AS cells are color coded depend-
ing on their distance from the LE; the ventral-most cell row in red, the second row in green, and the third row in blue.
(F) Analysis of the apical surface fluctuations of the AS cells highlighted in (E). Cells sequentially cease pulsing (indicated by arrows): cells contacting the LE (red)
are first (top), followed by the cells in the second row (green, middle). Cells in the third row (blue) continue pulsing throughout the analyzed time period (bottom).
(G) The mean of the apical surface maxima and minima is shown for the different rows of AS cells in (F). The minima remain virtually constant over time while the
maxima decrease sequentially. Consequently, the average surface (dashed lines) decreases mainly as function of the maxima reduction.1332 Cell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc.
(Homsy et al., 2006; Ricos et al., 1999; Riesgo-Escovar and
Hafen, 1997a; Riesgo-Escovar et al., 1996). Similarly, DC is
impaired in embryos depleted of AS cells by the cell-autono-
mous toxin Ricin-A (Scuderi and Letsou, 2005). Laser cutting
experiments had suggested that the various forces may simply
be additive because interfering with one of the force-generating
processes during DC progression strongly delays closure but
does not lead to an arrest (Franke et al., 2005; Kiehart et al.,
2000). In addition, recent experiments showed that in these situ-
ations a wound healing process is triggered, leading to the
formation of ectopic ACs that generate additional contractile
forces (Rodriguez-Diaz et al., 2008).
In this study, we explored an intriguing pulsing behavior of the
AS cells.We found that pulsing is an intrinsic property of AS cells,
which appears to be coordinated within the tissue by a tension-
based mechanism. We show that the pulsed forces created by
AS cells are sufficient to transiently displace the flanking
epidermal cell layers dorsally, even before DC starts. Epidermal
displacement is maintained when the AC forms, contributing
a second force that acts like a ratchet. As a consequence of
AC activity, the AS tissue becomes compressed and the pulsing
amplitude of AS cells decreases. Simulations show that this
creates a critical decline in AS tissue tension and a subsequent
arrest of pulsation and force generation. In vivo, this loss of
surface area is compensated by a selective pulsing arrest, which
leaves a subset of AS cells in a contracted state and provides
additional space for the remaining cells. Thus the period during
which AS cells can generate pulsed forces is extended and the
efficiency of DC is substantially improved. Our work describes
a mechanism of cooperative force generation by AS tissue cells
and uncovers a complex coupling between two major forces
driving DC.
RESULTS
Pulsing Is a Constitutive Property of Amnioserosa Cells
When imaging early stages of DC, we observed a pulsing
behavior of the apical surfaces of AS cells (Movie S1 available
online; Figure 1B). To further investigate this behavior, we first at-
tempted to describe the pulsing of individual cells. We therefore
performed a detailed, time-resolved quantification of the dis-
played cell-shape changes in real-time fluorescence movie
sequences of embryos expressing green fluorescent protein-
tagged Armadillo (GFP-Arm), a marker of the apical cell circum-
ference (McCartney et al., 2001). We monitored the movement
and constriction dynamics of AS cells, starting before the onset
of DC (during germband retraction), until approximately half-way
into the process, a point when zippering started to contribute
a significant additional force, thus complicating the system
(Movie S1, Supplemental Data). Our analysis showed that AS
cells already pulse long before DC starts (Figure 1C; Movie
S2), indicating that pulsing behavior is an intrinsic property of
AS cells, which occurs independently of DC initiation.
To further analyze the movies, we developed an automated
image segmentation technology that allows reliable detection
and extraction of individual cell geometries (Figure 1B; Movie
S1; Experimental Procedures). Our analysis showed that indi-
vidual cells contracted their apical surfaces with a periodicity of230 ± 76 s (Figures 1C and 1D). This raises the question of how
suchperiodic contractions canbecoordinatedwith theproposed
gradual overall contraction of the apical cell surface during DC.
We found that during the entire observation period, individual
AS cells reached a remarkably constant minimal apical surface
area when fully contracted (Figures 1E–1G). Their maximal
surface extension, in contrast, remained constant until the onset
ofDCandsubsequently decreasedgradually. This shows that the
overall apical surface constriction of AScells observed duringDC
is the result of a decrease in pulsing amplitude. Pulsing amplitude
continued to decrease for about 20 min on average, after which
there was an almost complete arrest of pulsing with only minor
cell surface variations remaining (Figure 1F). At this point, indi-
vidual AS cells had reached a cell surface extension close to their
respective minimal value. Both pulsing amplitude reduction and
pulsing arrest were not synchronous but followed specific
temporal sequences (Figures 1E–1G). At the onset of DC, only
the ventral-most rows of AS cells that were in contact with the
epidermal cells on each side of the dorsal opening significantly
decreased their pulsing amplitude. Meanwhile, the second row
of cells decreased its amplitude more slowly but accelerated
when the first rowof cells had decreased to about 40%of its orig-
inal surface area. The third AS cell row significantly reduced its
pulsing amplitude only at a stage when zippering had begun to
influence the system. Our results show that during DC, the apical
surface constriction of AS cells corresponds to a damping of the
pulsations. They further show that damping and the subsequent
pulsation arrest are sequential and coordinated in space and
time.
Pulsed Forces Displace the Epidermis
In cohesive tissue, the contraction of a cell creates a force that
pulls on the neighboring cells. The pulsed forces generated by
AS cells can in principle pull the epidermal cells dorsal-wards
during DC. However, we have shown that these forces are
generated before epidermal cells move dorsally, indicating that
they may not influence DC. This would be possible if the pulsed
forces were neutralized within the AS tissue, meaning that
the pulling force of a contracting cell would be absorbed by
the simultaneous relaxing of its neighbors. Movies covering the
time period before DC onset showed that this is not the case.
Instead, the LE displayed oscillatory movements in the dorsal/
ventral direction (early time points in Figure 2B; Movie S2). LE
oscillations were perfectly in phase with the contractions of the
immediately neighboring AS cells. Each AS cell contraction re-
sulted in a few micrometers of dorsal-ward displacement of
the LE. When the respective AS cell subsequently relaxed, the
LE retracted back toward the ventral side, also. At this stage
we observed a net ventral-ward displacement of the LE (Movie
S2). Our results demonstrate that AS cells constitutively exert
force pulses pulling the surrounding epidermal tissue dorsally.
This contradicts the current view in which AS cells start pulling
on the LE only at the beginning of DC (Martin and Parkhurst,
2004; Xia and Karin, 2004). Before DC starts, the resulting LE
displacement is not sustained because the LE behaves as an
elastic, retracting after the pulse.
Upon DC initiation, this ventral-ward relaxation of the LE
became limited, resulting in a net displacement toward theCell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc. 1333
Figure 2. Contraction Pulses Pull the LE
(A) The AS cells analyzed in (B) and (C) are highlighted. Dorsal is up. Red cells are in direct contact with the epidermis (small cells at the bottom in the enlarged
panel) and with a cell from the next dorsal row (in blue). The yellow point is used to follow LE displacement in (B) and (C) (black lines).
(B) The red line depicts the mean apical surface area of the two peripheral AS cells shown in (A). LE displacement is oscillatory and directly corresponds to
contractions of the neighboring AS cells before DC and also during a period of approximately 30 min after the onset of DC (gray area).
(C) The blue line depicts the mean apical surface area of the blue cell shown in (A). LE oscillations start correlating with apical surface area fluctuations of the blue
cell when the red cells cease pulsing (indicated by the gray area).dorsal midline (Figure 2B). Shortly after, when the first row of AS
cells ceased their periodic pulsations, the stepwise LE move-
ment continued in phase with the contractions of the next dorsal
row of AS cells (Figure 2C). However, the oscillatory LE move-
ment was simultaneously dampened. This was probably due to
the interjacent first row of contracted AS cells, which had stiff-
ened (for t = 1800–3000 s in Figure 2C). In summary, we find
that AS cells constitutively create pulsed forces that translate
into dorsal-ward LE displacement. However, the latter is main-
tained only when DC starts, revealing the existence of a timing
mechanism.
Actin Cable Formation Correlates with the Onset
of Dorsal Closure
Previous work had suggested that DC is triggered by a signal
that activates all cellular changes required for force production.
Here we show that the pulsed pulling forces produced by AS
cells precede such a signal and that the onset of DC is marked
by suppression of ventral-ward LE relaxation after a force pulse.
This raises the question of how this transition in LE behavior is
regulated. A good candidate for this function is the AC, which
provides a second force driving DC. To test this possibility, we
monitored the interplay between AC formation and the change
in LE oscillations. We performed real-time fluorescence imaging
of embryos expressing the filamentous actin-binding domain of
Moesin tagged with GFP (GFP-Moe [Kiehart et al., 2000]). Fila-
mentous actin outlines cells and also provides a marker for AC
formation (Kiehart et al., 2000). The mean intensity of the GFP-
Moe signal along the LE showed that fluorescence was constant1334 Cell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc.until germ band retraction was completed (Figures 3A and 3B).
The fluorescence signal subsequently increased at the LE, indi-
cating AC formation. The beginning of AC formation correlated
perfectly with the beginning of the net dorsal-ward LE displace-
ment (Figure 3B). The GFP-Moe signal increased slowly but
constantly during the entire DC process (Figures 3A and 3B;
Movie S3). This could reflect unspecific actin accumulation or
indicate continuous AC enforcement. To distinguish between
the two possibilities, we used the overall straightness of the LE
as a quantifiable indicator of tension. The straightness was
calculated as the ratio between the effective LE length and the
distance between the two extremities.We found that LE straight-
ness also continuously increased during DC, directly correlating
with GFP-Moe fluorescence intensity increase (Figure 3B). This
suggests that the AC tension builds up gradually throughout
the DC process.
To assess the correlation between AC formation and the onset
of pulsation damping, we imagedGFP-Arm-expressing embryos
and used LE straightening as for a measure of AC formation (Fig-
ure 3C). The beginning of the pulsation damping directly corre-
lated with the beginning of LE stiffening (Figure 3D). Our results
suggest that the newly appearing contractile force of the AC initi-
ates DC by counteracting ventral-ward relaxation of the LE,
which supports a model where the AC acts like a ratchet.
To challenge this model, we examined DC in embryos that
were homozygous for a deletion of basket (bsk/bsk), the
gene encoding JNK (Sluss et al., 1996). These embryos show
defective AC formation and cannot complete DC (Ricos et al.,
1999; Riesgo-Escovar and Hafen, 1997a, 1997b). Movies of
Figure 3. Actin Cable Formation and DC
(A) Images of DC extracted from the movie sequence of the GFP-Moe-expressing embryo analyzed in (B). The increasing fluorescence intensity of the LE illus-
trates the dynamics of AC formation.
(B) Graphs show LE displacement (top) in correlation with, LE straightening (middle) and GFP-Moe fluorescence intensity (bottom). The LE almost simultaneously
starts straightening and increasing its GFP-Moe signal. This coincides with the onset of DC (arrow).
(C) Example of the typical LE straightening in a GFP-Arm-expressing embryo.
(D) Graphs show the correlation between LE displacement (top), LE straightening (middle), and themean decrease of themaximal apical surface area of the six AS
cells that are in direct contact with the analyzed stretch of the LE (bottom). The arrow marks DC onset.bsk/bsk embryos expressing GFP-Arm revealed that their
phenotype was highly variable. Although in some embryos, as
previously reported, DC arrested early, in a high percentage of
mutants DC managed to proceed further, sometimes even up
to the zippering stage (Figures 4A and 4B; Riesgo-Escovar and
Hafen, 1997b; Riesgo-Escovar et al., 1996). This suggests that
bsk/bsk embryos can build up AC activity to various extents,
possibly because of maternal contribution of JNK. AS cell pulsa-
tions in the mutant embryos were indistinguishable from those in
the wild-type but were sustained without damping in embryos
displaying the severe phenotypes where little or no dorsal-
ward net displacement and no straightening of the LE occurred
(Figure 4A; Movie S4). In embryos that managed to initiate DC,this usually happened with a significant time delay (Figure 4B).
With the onset of dorsal-ward LE movement, the LE began to
straighten in a manner similar to that of the wild-type but with
much slower kinetics (Figure 4B). In these mutant embryos, the
damping of AS cell pulsation also started with a delay, and
was slower and paralleled the behavior of the LE (Figure 4B).
These observations confirm that AC formation is critical to the
onset of DC and further support the model proposing a ratchet-
like function of the AC.
Pulsing Involves a Tension-Based Mechanism
To gain further insight into the mechanics of AS cell pulsing and
its coordination throughout the tissue, we looked for correlationsCell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc. 1335
in pulsing behavior among AS cells. Highlighting cells that were
initiating a contraction did not reveal any patterns for contraction
initiation such as propagating waves or any other regularity
(Figure 5A;Movie S5). Examination of direct neighbors, however,
indicated a recurrent in-phase or antiphase correlation (Fig-
ure 5B). To quantify this, we calculated the cross-correlation
function of surface variations between all pairs of neighbors
(Figure 5C; Supplemental Data). To improve time resolution,
Figure 4. Actin Cable Formation in JNK Mutants
Graphs show LE displacement (top) in correlation with, LE straightening
(middle), and the apical surface area variation of three AS cells that contact
the LE (bottom) in bsk/bsk embryos. The zero time point represents the
end of germ band retraction.
(A) In a bsk/bsk embryo displaying a strong phenotype, no significant dorsal-
ward progression of the LE is observed.
(B) In a bsk/bsk embryo displaying a weaker phenotype, some delayed
dorsal-ward progression of the LE occurs coinciding with moderate LE
straightening and some damping of AS cell pulsation.1336 Cell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc.we did this for consecutive 800 s time windows that were shifted
by 30 s. The observed time-resolved cross-correlation functions
confirmed that neighboring AS cells mostly oscillate in-phase or
in antiphase, with a clear preference for the latter (Figures 5D and
5E; Movie S6). This was not fixed as indicated by the fact that we
observed frequent shifts between the two states (Figure 5D;
Movie S6, Supplemental Data). The switches occurred quickly,
revealing a high degree of plasticity within the tissue. Such plas-
ticity is the signature of mechanical coupling between the AS
cells pointing toward the possibility of a push or pull mechanism
that triggers individual contractions. We also produced cross-
correlation functions for all other possible pairs of cells and found
that cells separated by another cell also were coupled. However,
this coupling was weaker and showed a preference for in-phase
pulsing (Figure S1). Oscillations of cells that were even further
apart were not coupled, showing that coupling fades with
distance.
To further explore the coupling between neighboring cells, we
produced laser-induced cuts of a single junction connecting two
AS cells (Figure 6A). Each incision created a small, initially ex-
panding opening, coinciding with a relaxation of the surrounding
tissue. At the same time, the AS cells adjacent to the opening
stopped pulsing almost instantaneously (Figure 6B; Movie S7).
Cells further away were also affected: oscillations either stopped
or were much less frequent (Figure 6C; Movie S7). We conclude
that the pulsations of AS cells require tissue tension, which
together with the observed cross-correlations suggests the
presence of a mechanical control that couples the pulsing
behavior of AS cells.
Simulations of In Vivo System Mechanics
Our analysis suggests that AS cells generate pulsed forces,
which displace the surrounding epidermis dorsally, and that
the AC sustains this displacement. To further explore this
hypothesis, we modeled the system and used simulations to
study its spatio-temporal dynamics. An ellipsoidal, two-dimen-
sional tissue containing the apical cell surfaces approximated
the geometry of the dorsal opening. The tissue was fixed at the
two extremities and stretched open by an elastic surrounding
the depicted epidermis (Figure 7A; Supplemental Data). To
mimic the visco-elastic properties (the balance between the
cell surface areas and the perimeter constrains), each cell was
represented by a visco-elastic polygon sharing its edges and
vertices with neighboring cells similarly to those used in previous
studies (Bittig et al., 2008; Farhadifar et al., 2007; Hufnagel et al.,
2007; Shraiman, 2005). Each polygon contained elastic springs
connecting each vertex to the center of mass and to neighboring
vertices (Figure 7B). Vertex displacements were affected by
a homogeneous viscosity m = 100 nNs/mm. Our in vivo laser
cutting experiments revealed a relaxation time of approximately
100 s, which determined the viscosity/elasticity ratio of the cells
(Figure S2). In our model, the elastic properties of individual cells
are equal and constant over time and in accordance with previ-
ously described typical values (Forgacs et al., 1998; Girard et al.,
2007). We set the dynamic equations that define the position of
all AS cell vertices in the tissue by balancing the elastic spring
forces with the viscous force of the cells. In order to drive cell
pulsing, a contraction force was added to individual AS cells.
Figure 5. AS Cell Pulses Are Coupled
(A) The distribution over time of AS cell contraction initiations in a wild-type embryo is shown. Consecutive, segmented frames were taken from a movie
sequence. Cells initiating a contraction are colored in red in each frame. No obvious repetitive patterns or regularities such as propagating waves are detectable.
(B) Apical surface area fluctuations of two typical neighboring AS cells. Short phases of correlation are detectable.
(C) Cross-correlation function of the area variation of the two neighboring AS cells shown in (B).DT represents the time lag between neighboring cell surface areas,
which is set to be between 400 s and +400 s. A minimum of the function at DT = 0 s reveals antiphase pulsing, a maximum shows in-phase pulsing.
(D) Dynamic cross-correlation map of neighboring AS cells generated by sliding an 800 s time window covering three to four cell oscillations. Blue boundaries
represent in-phase correlations, red boundaries represent antiphase correlations, and yellow boundaries represent cells switching between the two. The dynamic
map visualizes the cross-correlations over time and shows a high plasticity of the oscillations throughout the tissue with fast switching between in-phase and
antiphase states.
(E) Graph showing the distribution of minima (n = 16,454) in the time-resolved cross-correlation functions as calculated for the 20 AS cells in (D). The peak around
DT = 0 s shows that cells preferentially oscillate in antiphase.In a first attempt to simulate AS cell pulsing, we introduced
a cell-autonomous, oscillating contraction force (Supplemental
Data). The resulting oscillations induced a pulsed force that tran-
siently displaced the LE of the surrounding tissue (Movie S8).
However, the quantitative behavior of the simulated AS tissue
differed significantly from that measured in vivo. In particular,
the coupling between neighboring cells was not reproducible,
suggesting that in vivo AS cell pulsing is not autonomous
(Figures S1 and S3).
Our experimental results indicated a tension-based control of
pulsing behavior. We therefore added a sigmoid, tension-depen-
dent contraction force with a saturation value FM to all the
springs of the AS cells in our model (Figures 7C; Movie S9,Supplemental Data). We also introduced a time delay t repre-
senting the reaction time of a cell before contraction initiation.
t sets the periodicity and is essential for sustained oscillation.
To reproduce the in vivo periodicity, we had to set t to 100 s
(Supplemental Data). We defined the sensitivity of the contrac-
tion force as a Hill function, as used previously to describe the
sensitivity of biological systems responding to external stimuli
(Goldbeter and Koshland, 1981). The three free parameters
defining contractility (Hill coefficient h, maximal force FM, critical
tension Tc) were then varied to explore tension-dependent
contractility (Figure 7C), and the oscillating nature of the simula-
tions was documented in phase diagrams (Figure 7D; Figure S4).
Stable oscillations occurred if the value for Tc was approximatelyCell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc. 1337
that of the tissue tension in mechanical equilibrium. No oscilla-
tions occurred if Tc was too low and cells remained contracted
or if it was too high and individual cells could not experience
the contraction-inducing tension.
The fast pulsing arrest observed in vivo after laser incisions
suggested that the system is close to the transition between
oscillating and nonoscillating states. To further explore this, we
simulated laser incisions on all simulations producing oscillating
systems. We observed pulsation arrest only when the critical
tension Tc was equal or close to the equilibrium tension and
only in simulations near the transition between oscillating and
nonoscillating states (Figure 7D; Movie S10).
We next checked whether our simulations reproduced the
cell-cell coupling observed in vivo. We found that the correla-
tions between neighboring cells were in accordance with our
quantitative in vivo measurements including the preference for
pulsing in antiphase with direct neighbors (Figure 7E). This
demonstrates that a simple model can reproduce the global
dynamic behavior of in vivo AS cells, providing further support
for a tension-based mechanism controlling AS cell oscillations.
Figure 6. Cell Pulsing Requires Tension
(A) An example of laser microsurgery that cuts a single cell-cell boundary is
shown. The cut locally releases tension, which creates an opening in the AS
tissue. The cells surrounding the opening (in red) and cells further away (in
green) are analyzed in (B) and (C), respectively.
(B) Apical surface area variations of cells in the immediate vicinity of the
opening cease pulsing approximately 100 s after cutting. The arrow depicts
the time point of the cut.
(C) Apical surface area variations of cells at a distance to the opening. The
pulsations of these cells are also perturbed, both in amplitude and periodicity.
The arrow depicts the time point of the cut.1338 Cell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc.The pulsed forces of the simulated AS cells caused LE oscilla-
tions that are similar to those observed in vivo and could there-
fore be used to explore the consequences of AC formation. To
mimic the AC, we added a contractile force to the epidermal
side of each epidermis/AS cell junction, which acted parallel to
the junction (Figure S5, Supplemental Data). Our in vivo observa-
tions indicated a linear increase in AC tension over time (Fig-
ure 3B). We therefore also set the force produced by the AC to
increase linearly over time in our simulations. By screening
through different values for the AC force, we could define
a window where a linear closure was initiated similarly to DC
in vivo (Supplemental Data).
Simulations Propose a Mechanism to Maintain
Tissue Tension
Because our simulations show that the combination of forces
can indeed drive DC, they could now be used to explore the limi-
tations of the system. One obvious limitation was that upon AC
addition, the pulsations slowed down after a relatively short
time and stopped almost simultaneously in all AS cells (Movie
S11). This was different from the in vivo situation where we
observed selective pulsation arrest of the peripheral AS cells
and sustained pulsation of the cells in the remaining tissue. Anal-
ysis of our simulations showed that the synchronous pulsation
arrest occurred because AC-mediated closure diminished the
overall surface of the AS tissue and thus reduced Teq. This re-
sulted in a critical loss of tissue tension and, consequently,
a collapse of the pulsing system (Movie S11, Supplemental
Data). One of the critical aspects of the system we propose is
the maintenance of surface tension over time, which predicts
the existence of a mechanism compensating for the gradual
loss of tissue surface. The sequential pulsation arrest we
observed in vivo could provide such a compensatory mecha-
nism because AS cells stopped pulsing in a contracted state.
This lack of expansion of a considerable number of cells should
provide additional space for the remaining tissue, which should
preserve tissue tension and keep the system active for consider-
ably longer. We tested this possibility by using our simulations,
where we artificially introduced a sequential arrest as observed
in vivo. This was done by adding a weak, damping force (Fcf)
of 5 pN to the pulsing AS cells after every second of simulation
time (Supplemental Data). Fcf was added sequentially, first in
the ventral-most rows of cells and, with a time delay as
measured in vivo, also in their immediate neighbors (Supple-
mental Data). Fcf increasingly counteracted the pulling forces
of the neighboring cells until TC could no longer be reached
and pulsing automatically stopped. This significantly slowed
down the decrease of surface area in the remaining AS cells
and kept the central part of the AS tissue under tension (Movie
S12). Consequently, pulsations and force generation were sus-
tained and the efficiency of closure was significantly improved
(Figures 7F and 7G). Our simulations thus propose a mechanism
for prolonging pulsed force generation by AS cells.
DISCUSSION
In this work we have addressed the cooperative nature of two
main forces driving dorsal closure. Our results suggest a model
Figure 7. Mechanistic Model of Dorsal Closure
(A) Geometry of the tissue system used to simulate the dynamics of early DC stages. 70 to 80 cells (black) compose the AS tissue, which is surrounded by an
elastic epidermis (red). The position of the left and right corners of the epidermis is fixed in space.
(B) The geometry and spring distribution of AS cells is shown. In every cell, elastic springs (red) connect all neighboring vertices (gray dots) and each vertex with
the center of mass. Black lines depict cell boundaries.
(C) Diagram showing the normalized contraction force F/Fm as a function of the normalized tension T/Tc in the case of tension-based contraction forces. The
curves for four Hill coefficients are presented.
(D) Phase diagram showing the oscillatory behavior of the simulations depending on the maximal contraction force Fm and on the ratio of critical tension over
equilibrium tension Tc/Teq for three Hill coefficients. Regions where cell pulsing occurs are indicated. Red points in the pulsing regions for h = 10 depict values
of Fm and Tc/Teq for which ablation of a junction between two cells was simulated. Filled points show simulations where surrounding cells cease pulsing, empty
points where this is not the case. Pulsing arrest occurs in simulations at the transition between oscillating and nonoscillating regimes.
(E) Graph showing the minima (n = 890) distribution of the cross-correlation functions calculated for all neighboring cell pairs in the simulated AS tissue with
tension-based contractions. The simulations produce a peak at DT = 0 s similar to the in vivo system.
(F) Comparison of the apical surface area variation of two cells in the center of different simulated AS tissues; one with sequential pulsation arrest (bottom in gray)
the other without (top in black). Cell pulsing is maintained in the former but not the latter.
(G) Area decrease of simulated AS tissues over time. The gray line shows a simulation with sequential pulsation arrest the black line a simulation without. Including
sequential arrest results in more efficient closure.Cell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc. 1339
that is in contrast to two popular views of DC mechanics (Martin
and Parkhurst, 2004; Xia and Karin, 2004). First, they show that
force production by AS cells is constitutive and independent of
the signal that triggers DC. The previous view that AS cells start
to produce their pulling force at the onset of DC was based on
the observation that only then do they begin to reduce their
apical surfaces, a reduction that was consequently interpreted
as being the force-producing process. Our data suggest that
this reduction in surface area is passive and a consequence of
closure, which globally reduces AS tissue surface and therefore
prevents AS cells from expanding back to their original size after
a contraction.
The second modification to the current picture is that the AC
acts likea ratchet supporting theAS-mediated forcepulses rather
than contributing to dorsal-ward LE displacement as an autono-
mous purse string. We find that AC tension builds up slowly,
becoming prominent only much later in the DC process. Efficient
DC, however, startswith the first signs of an AC,when the latter is
unlikely to produce sufficient force for purse-string activity. Our
view is also supported by the overall geometry of the AC; its
contractile forces act in the anterior-posterior direction, parallel
to the LE, and will produce a dorsal-ward force component only
because of AC curvature. There is evidence that this force
component is not sufficient to independentlypull on theepidermis
because releasing tension by cutting the AS tissue leads to an
initial ventral-ward relaxation of the AC (Hutson et al., 2003; our
unpublished data). In our model, the AC does not have to exert
much force, because it merely has to shift the preexisting equilib-
riumof forces betweenAS andepidermal tissue to counteract the
ventral-ward relaxation of the LE after a force pulse. Our simula-
tions demonstrate that this scenario is indeed possible.
To understand how the AC exerts the proposed ratchet-like
function at the molecular level, we will need to understand the
behavior of themajor AC components that build up tension, actin
and the motor protein myosin (Franke et al., 2005; Rodriguez-
Diaz et al., 2008). We do not know the details of subcellular
actin/myosin organization but can speculate how they may
work to create a ratchet-like function. It is important to keep in
mind that the AC is a supracellular structure made of many
smaller ACs, which form inside the cells of the LE. These produce
individual forces that are transmitted via intercellular bonds.
Every cell can therefore act as an individual unit. If an AS cell
next to the LE contracts, it will not only pull the LE dorsally but
will also compress regions of the LE that are in contact with it.
This compressive force will act in the anterior/posterior direction
and will therefore slightly shorten the LE and as a consequence
locally reduce AC tension. The involved LE cells can then
compensate for this tension loss by condensing their actin/
myosin network along the compression. This can be achieved
by myosin-mediated sliding of actin filaments. When the AS
cell relaxes, AC tension will increase again because the
epidermal tissue will now try to pull the LE back to its original
position, which requires it to stretch. This cannot happen if the
condensed actin/myosin network does not relax. In this system,
every force pulse would locally increase AC tension, which fits
well with the observed gradual increase of AC tension over time.
At the mechanistic level, the major difference between our
model and the previous purse-string model is that the AC1340 Cell 137, 1331–1342, June 26, 2009 ª2009 Elsevier Inc.manages to shorten only during dorsal-ward LE displacement,
when it is supported by compressive forces, whereas in between
force pulses it merelymaintains its state. It is possible that later in
the process, the AC is sufficiently enforced to produce an inde-
pendent purse-string activity. Unfortunately, during these stages
the zippering process creates additional pulling forces, which
hamper the respective analysis.
Another important question arising from our observations is
how AS cell pulsing is produced and controlled at the molecular
level. It is conceivable that this may also involve actin andmyosin
function. Franke et al. (2005) have shown that Myosin II is critical
for AS cell activity during DC, which is consistent with this view.
What regulates the pulsed activity of these molecules remains to
be shown. In the simplest case one can imagine a cell-autono-
mous mechanism that leads to regular pulses (Paluch et al.,
2005; Salbreux et al., 2007). Our simulations show that such
a mechanism works in principle but it cannot reproduce the full
behavior of the in vivo system. In contrast, we can convincingly
reconstitute in vivo behavior by introducing a tension-based
mechanism in the simulations, where contraction initiation
simply depends on cells being critically stretched by contracting
neighbors. In particular, this model reproduces pulsing arrest in
cells surrounding a laser-induced cut. It also reproduces the
coupling behavior observed between AS cells in vivo. Such
coupling could be achieved by a mechano-sensitive signaling
system. At this stage, we cannot fully exclude the action of
a complex reaction-diffusion signaling network controlling cell
pulsing. However, we have not found any evidence that would
indicate the existence of such a network, such as wave-like
propagation of pulsing or any other regularity.
Our simulations also offer an explanation for the sequential
pulsation arrest observed in vivo. DC progression reduces the
overall surfaceof theAS tissue.Asaconsequence, individual cells
can no longer expand their surfaces to the initial size after
a contraction, which is reflected by the observed decrease in
pulsing amplitude. Our simulations show how this quickly leads
to a critical loss of surface tension and the arrest of pulsations in
the entire tissue. In vivo, AS cells sequentially arrest in a con-
tracted state, which increases the available space for the remain-
ingAScells, thuscompensating for the surface lossandmaintain-
ing tissue tension. Our simulations show that in a tension-based
system, this mechanism will extend AS cell force production. A
recent paper added further support to our model. It showed that
apoptosis of about 10%of the AS cells contributes to closing effi-
ciency by up to 50% (Toyama et al., 2008). It is clear that the elim-
ination of AS cells also creates additional space and preserves
tissue tension. Apoptosis could thus represent a second mecha-
nism acquired to prolong pulsed force generation by AS cells.
Accordingly, we found that apoptosis starts late only in DC, at
a stage when the AS tissue has significantly decreased in size
(data not shown). How apoptosis and the sequential arrest of
pulsing are controlled remains to be determined. The latter could
involve thediffusible signalingmoleculeDpp,which is secretedby
the cells of the LE (Hou et al., 1997; Riesgo-Escovar and Hafen,
1997b; Sluss and Davis, 1997). A Dpp gradient originating from
the LE could in principle generate the observed, sequential pulsa-
tion arrest, whichmay explain the behavioral defects of AS cells in
Dpp mutants (Fernandez et al., 2007; Wada et al., 2007).
Our work describes a mechanism for displacing and shaping
tissues that combines a field of pulsing cells with a ratchet-like
function. This may represent a more general principle by which
other tissues can also be remodeled; the pulsing cells generate
a constitutive force and the location of the ratchet mechanism
determines which tissue is affected in what way by the force. A
recent paper describing Drosophila gastrulation suggested
a similar principle mediating the first step of epidermal tissue
invagination. There, a stepwise contraction of the apical cell
surfaces occurs, which is maintained by a ratchet mechanism
that is intrinsic to the cell and prevents cell relaxation after
each contraction step (Martin et al., 2009). It will be interesting
to investigate the dynamics of further tissue movements with
the appropriate time resolution to see whether this does indeed
represent a general mechanism for the directed movement of
cell sheets, one of the hallmarks of morphogenesis.
EXPERIMENTAL PROCEDURES
Fly Strains and Imaging
Fly strains with the followingmodifications were used: GFP-Moe (Kiehart et al.,
2000); GFP-Arm (Marygold and Vincent, 2003); bsk/bsk (Riesgo-Escovar
et al., 1996); and bsk, GFP-Arm/bsk, GFP-Arm (from bskflp147E, GFP-Arm/
CyO, GFP balanced strain).
For imaging, embryos were collected at 25C and aged for 16–18 hr at 18C,
and imaging was done at room temperature. Embryos were processed,
mounted, and imaged as described (Jankovics and Brunner, 2006). For each
time point, a stack of Z-sections with 1 mm slice spacing were acquired and
projections were created with ImageJ.
Image Segmentation and Analysis
Images were analyzed with a MATLAB-based automated image analysis
method in four steps. (1) A Gaussian blur filter (kernel 2) was applied to homog-
enize fluorescence intensity and for smoothening. From this, a background
image (original image processed with a Gaussian blur filter [kernel 30]) was
subtracted. (2) Resulting imageswere slightly oversegmentedwith an adaptive
threshold including a correction for bleaching. (3) Oversegmented images
were ‘‘reconstructed’’ with the watershed algorithm (Vincent and Soille,
1991). (4) Resulting imageswere corrected by removing boundaries containing
less than 40% to 70% (depending on the movie) of the pixels detected in step
2. The few remaining oversegmented boundaries were removed manually.
A MATLAB function was used to detect the boundaries of each cell allowing
determining perimeter, surface area, and position of the center of mass for
each cell. Boundaries on the watershed picture were scanned with a 3 3 3
pixel box to determine number and position of vertices and of cell-cell bound-
aries. Mean fluorescence intensity and position of the leading edge were de-
tected manually with Image J. For WT analysis, the behavior of about 20 cells
per embryo for 3 independent closure events were analyzed. For the bsk
mutants, 10 independent closure events were analyzed.
Laser Microsurgery Experiments
Laser microsurgery was performed in two ways. (1) With a pulsed UV laser
(355 nm, 470 ps pulse width) through a Zeiss C-Apochromat 633/1.2W lens
as described (Colombelli et al., 2004, 2005). Cell-cell boundary ablation was
achieved with laser energies ranging from 100 to 200 nJ per pulse. Between
two and four line scans across cell boundaries, each with about 5 laser pulses
per micron, were sufficient to permanently damage the membrane and the
mechanical integrity of the corresponding cells. Images were captured on
a wide-field fluorescence microscope with a Hamamatsu ORCA camera. (2)
With an Olympus FV1000 equipped with a 603/1.35 lens and a pulsed
532 nm laser controlled by an AOTF. Cell-cell boundary ablation was achieved
with three to five line scans across cell boundaries with approximately 10%
laser intensity.Calculation of Cross-Correlation Functions
To correlate the apical surface oscillations of AS cell pairs, we extracted the
oscillations of individual cell surface variation curves by removing the mean
variation of the area, in this way producing the areas S1 and S2 for the two cells.
We then calculated the cross-correlation function
FccðtÞ=
P
t
ðS1ðtÞ  S1Þ,ðS2ðt  tÞ  S2ÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
t
ðS1ðtÞ  S1Þ2,
P
t
ðS2ðt  tÞ  S2Þ2
r
of each cell pair. To calculate a dynamic, time-resolved cross-correlation func-
tion, we dissected movie sequences into multiple time windows of 800 s that
were shifted by 20 s. Each window covered approximately 3 to 4 oscillations.
For each time window, we calculated the cross-correlation function between
DT = 240 s and DT = 240 s.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, 6 figures,
and 12movies and can be foundwith this article online at http://www.cell.com/
cell/supplemental/S0092-8674(09)00394-8.
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